Introduction
Helicobacter pylori infection is a common chronic infection that is associated with upper gastrointestinal diseases, including chronic gastritis, peptic ulcers, and gastric cancer. 1 Individuals infected with H. pylori have a 15% lifetime risk of developing peptic ulcer disease and are ten times more likely to develop gastric adenocarcinoma than those who are not infected. 2, 3 The recommended first-line treatment for H. pylori infection according to the American College of Gastroenterology (ACG) practice guidelines is clarithromycin-based triple therapy, consisting of a proton pump inhibitor, clarithromycin, and either amoxicillin or metronidazole, or alternatively, bismuth quadruple therapy, consisting of bismuth, a proton pump inhibitor or histamine-2-receptor Poor patient adherence and increased antibiotic resistance are the most important factors associated with failure of first-line therapy. 1 In one US study of 125 patients with peptic ulcer disease or dyspepsia, ~10% of patients failed to take .60% of their H. pylori medications and 30% took ,90% of their medications. 7 Patients who took .60% of their prescribed medications had a 96% eradication rate compared with 69% for those who took ,60%. 8 However, patient adherence to therapy is difficult to assess outside the clinical trial setting.
Studies in the US show significant antibiotic resistance among H. pylori isolates. For example, data obtained from 347 clinical isolates of H. pylori, collected from 1998 to 2002 from eleven hospital study sites across the US in the Helicobacter pylori Antimicrobial Resistance Monitoring Project, showed that 29% of isolates were resistant to one antimicrobial agent and 5% were resistant to $2 agents. There was significant resistance to clarithromycin (13%) and metronidazole (25%), in addition to low resistance to amoxicillin (1%). 9 Eradication rates were significantly lower in patients with clarithromycin-resistant strains than in patients with clarithromycin-susceptible strains (29% vs 95%) when triple therapy was used. 10 Unfortunately, it is difficult to predict whether a patient would respond to the first-line therapy in clinical practice because H. pylori antibiotic sensitivity tests are not widely available in the US. 1 Although dyspeptic symptoms tend to improve with first-line therapy, symptomatic relief is not a reliable predictor of eradication of H. pylori infection. 11, 12 Post-treatment testing is, therefore, essential to ensuring the successful eradication of H. pylori infection.
The ACG guidelines do not recommend universal testing following therapy to confirm eradication of H. pylori infection. 1 These guidelines, however, mention specific situations where post-treatment testing of eradication of H. pylori infection is indicated, including in patients with H. pylori-associated ulcer or mucosa-associated lymphoid tissue lymphoma, persistent dyspeptic symptoms, and prior resection of early gastric cancer. These indications, except persistent dyspeptic symptoms, are associated with patients who have already developed H. pylori-related complications. The goal of this "test-and-treat" approach is to treat these patients earlier so that the risk of developing these complications can be reduced. Universal post-treatment testing to confirm eradication will further help to achieve this goal. When confirmation of eradication of H. pylori infection is deemed necessary, the guidelines designate the urea breath test (UBT) as the test of choice and the monoclonal fecal antigen test (mFAT) as an alternative. The polyclonal FAT does not have satisfactory sensitivity or positive predictive value in the post-treatment setting 13 and, therefore, is not recommended for use in confirmation of eradication of H. pylori infection. 1 Serologic antigen tests cannot distinguish between active H. pylori infection and previous exposure and, consequently, are not recommended for post-treatment testing.
The ACG guidelines recognize that "in an ideal world", all patients would undergo post-treatment testing to confirm eradication of H. pylori infection, but the guidelines also indicate that universal testing is neither practical nor cost-effective. 1 No published economic analyses are cited, however, to support the assertion of a lack of cost-effectiveness. The widespread adoption of the UBT in clinical practice for confirming eradication of H. pylori infection is limited, in part, due to its higher cost relative to the mFAT. Thus, there is a need to assess the cost-effectiveness of universal testing of eradication of H. pylori infection following first-line therapy and to assess the cost-effectiveness of the UBT vs the mFAT.
Based on a targeted MEDLINE search using the keywords "H. pylori", "testing", and "cost-effectiveness", no primary clinical or modeling studies that assessed the economic value of tests used to confirm eradication of H. pylori infection after treatment were identified in the literature. One study showed a high incremental cost of the second UBT, with no incremental clinical benefit after the first post-treatment testing, but did not show the cost-effectiveness of post-treatment testing vs no testing.
14 Of the previously published economic analyses of testing for H. pylori infection, [15] [16] [17] [18] [19] [20] all but Davies et al 16 considered only the costs of testing and treatment in their analyses and did not consider patient adherence to testing or the downstream costs of H. pylori-related diseases that a patient with continuing H. pylori infection is at an increased risk of developing (eg, the costs associated with managing gastric cancer, which a patient with continuing H. pylori infection is at an increased risk of developing ~15 years after diagnosis of infection). This underscores the need for a costeffectiveness analysis of post-treatment testing that incorporates patient adherence to testing, as well as assessment of long-term outcomes from continuing H. pylori infection. The objectives of this study were as follows: 1) to compare the cost-effectiveness of universal post-treatment testing to confirm eradication of H. pylori infection following completion of first-line therapy vs no post-treatment testing (Model 1) and 2) to evaluate the cost-effectiveness of the UBT vs the mFAT, after adjusting for patient adherence to testing, for post-treatment testing to confirm eradication of H. pylori infection (Model 2).
Methods
Decision-analytic models were developed from a US thirdparty payer perspective to evaluate the cost-effectiveness of universal post-treatment testing vs no post-treatment testing to confirm eradication of H. pylori infection following completion of a first-line antimicrobial triple-therapy regimen (Figure 1) , as well as to compare the cost-effectiveness of the UBT vs the mFAT in the post-treatment setting after adjusting for patient adherence to these tests ( Figure 2 ). Only direct health care costs were considered in these models. Indirect costs, such as productivity lost due to treatment and other H. pylori-specific impairments, were not included. According to convention, patient copayments were not considered in the cost-effectiveness analyses.
The modeled study cohort comprised patients aged $18 years (average age: 45 years) who had undergone one course of first-line therapy for eradication of H. pylori infection. In Model 1, patients were either tested (with the UBT or the mFAT) or not tested to confirm eradication of H. pylori infection after completing one course of antimicrobial therapy (Figure 1 ). In this model, patient adherence rates with the post-treatment tests were assumed to be 100%.
Model 2 compared the UBT vs the mFAT in post-treatment testing following a course of first-line therapy, adjusting for adherence to the tests.
In Model 1, patients who tested positive -regardless of whether the result was a true or false positive -received second-line H. pylori eradication therapy. Patients who tested negative -regardless of whether the result was a false or true negative -and those who did not undergo posttreatment testing did not receive any additional eradication therapy. A similar approach was followed in Model 2. The UBT and the mFAT were compared as post-treatment tests to confirm eradication of H. pylori infection. Patients testing positive in these tests received second-line eradication therapy, whereas no further action was taken in the model for patients who were nonadherent to testing or for those who tested negative.
Excess lifetime costs (LTCs) and reduced quality-adjusted life-years (QALYs) -estimated with respect to patients without H. pylori infection -were applied to patients who continued to live with the infection. These patients included those with false-negative test results (Models 1 and 2), those who failed first-line therapy and opted not to undergo posttreatment testing (Model 1 only), those with true-positive test results who failed second-line therapy (Models 1 and 2), and those who were nonadherent to post-treatment testing (Model 2 only). Incremental cost-effectiveness 
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Boklage et al ratios (ICERs) were calculated from the incremental costs, and QALYs gained were estimated using the models.
Model input parameters for the UBT and the mFAT included their sensitivities, specificities, rates of test adherence, and costs (Table 1) . 13, [21] [22] [23] The sensitivities and specificities of the UBT and the mFAT were estimated based on systematic reviews or meta-analyses evaluating these tests in post-treatment confirmation of eradication of H. pylori infection. 13, 22 The cost of each test was estimated based on the 2014 Resource-Based Relative Value Scale using the Current Procedural Terminology codes indicated in Table 1 . Treatment parameter inputs to the model included costs and eradication rates of first-line triple therapy, as well as secondline quadruple therapy (Table 2) . [2] [3] [4] 16, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Patient adherence rates for the UBT and the mFAT (86% and 48%, respectively) were obtained from the literature and were incorporated into 
where P i is the risk associated with developing each disease;
[w] is the condition with H. pylori infection; [wo] indicates condition without H. pylori infection; and C i is the cost for treating each disease. The per-patient cost of managing peptic ulcer disease was estimated as the sum of the cost of peptic ulcer disease managed by medication (regardless of hospitalization) and the cost of a related hospitalization multiplied by its probability of occurrence:
where C PUD is the cost per patient of managing peptic ulcer disease; t PUD is the duration of peptic ulcer disease (in years);
C PUD[med] is the cost per patient per year of managing peptic ulcer disease by medication (regardless of hospitalization); C PUD [hosp] represents the cost of related hospitalization; and P PUD [hosp] is its probability of occurrence. The per-patient cost of managing dyspepsia was estimated as the duration of dyspepsia multiplied by the annual per-patient cost of managing dyspepsia. It was assumed that all patients with continuing H. pylori infection who did not develop peptic ulcer disease or gastric cancer developed dyspepsia:
where C Dysp is the cost per patient of managing dyspepsia; t Dysp represents the duration of dyspepsia (in years); C Dysp[ann] is the annual cost per patient of managing dyspepsia; and P is the probability of occurrence.
Estimates of the reduced QALYs associated with continuing H. pylori infection were derived in a similar manner. As an illustration of the application of the aforementioned equations, the estimation of excess LTCs associated with peptic ulcer disease is described in a step-by-step manner in Table S1 .
Estimates of uncertainty for the input parameters (eg, standard errors and ranges) were obtained from the source publications where available; if not, assumptions were made (Tables 1 and 2 ). For the probabilistic sensitivity analyses, the β-distribution was used for the sensitivities, specificities, and adherence rates of the tests, as well as all other probabilities used in the model. The Gaussian distribution is used for all costs. To characterize the uncertainty associated with the estimated excess LTCs and reduced QALYs, a Monte Carlo simulation addressing first-and second-order uncertainties was performed. The mean and standard deviations of these parameters were estimated from a sufficiently large number of values of the excess LTCs and reduced QALYs generated by the Monte Carlo simulation. These descriptive statistics then were used to generate lower and upper bounds for the one-way sensitivity analyses. For the probabilistic sensitivity analyses, appropriate distributions were selected based on the resulting simulated data sets. Excess LTCs and reduced QALYs were estimated for patients aged 45 years, which was representative of the study cohort in this modeling exercise and is near the midpoint of the age range of an adult population, with 77 years being the average US life expectancy. 24 The estimate of expected life-years remaining was allowed to vary in the Monte Carlo simulations.
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Results
In the base-case scenario for Model 1, in which patient adherence to post-treatment testing was assumed to be 100% for both the UBT and the mFAT, the total costs for each treated patient were US$325.76 for the UBT, US$242.12 for the mFAT, and US$182.41 for no post-treatment testing ( Table 3 ). The higher total costs associated with the UBT vs the mFAT reflected higher test costs. It is important to recognize, however, that adherence rates with these respective noninvasive tests were not incorporated into Model 1.
The QALYs gained per patient with the UBT and the mFAT compared with no post-treatment testing were 0.71 and 0.72, respectively. The ICERs were US$202.45 with the UBT and US$82.90 with the mFAT compared with no posttreatment testing (Table 3 ; Figure 3) . Thus, providing a noninvasive post-treatment test was a cost-effective alternative to not testing for eradication of H. pylori infection following completion of first-line therapy. The higher costs associated with testing (ie, costs of tests, physician visits, and secondline eradication therapy: US$270.32 for UBT and US$188.86 for mFAT) were partially offset by decreases in the LTCs incurred from continuing H. pylori infection compared with no post-treatment testing (US$55.45 for UBT and US$53.26 for mFAT vs US$182.41 for no testing; Table 3 ).
In the base-case scenario for Model 2, in which the estimated adherence rates were 86% for the UBT and 48% for the mFAT, the corresponding calculated total costs per patient were US$336.75 and US$326.24 (Table 4 ). In this model, the higher test costs associated with the UBT were nearly fully offset by the higher LTC associated with the mFAT, reflecting the significant difference in adherence rates between the two tests. Notably, the cost per accurately diagnosed case following first-line triple therapy was ~75% higher with the mFAT vs the UBT. Expected QALY gained per patient for the UBT vs the mFAT was 0.37. The UBT was cost-effective as a post-treatment test compared with the mFAT. After adjusting for patient adherence, the ICER of the UBT was US$28.13/QALY gained compared with the mFAT for testing to confirm eradication of H. pylori infection (Figure 3) .
One-way sensitivity analyses indicated that none of the model parameters were influential in terms of changing the cost-effectiveness conclusions in either Model 1 or Model 2. In the case of Model 2, when the UBT was compared with the mFAT, the results of the one-way sensitivity analysis indicated that when the cost of the UBT was set to its lower bound or the adherence rate with the UBT was set to its upper bound, the UBT was cost saving. Similarly, when the H. pylori infection eradication rate of first-line treatment was set to its lower bound, the UBT was cost saving. Probabilistic sensitivity analyses indicated that the cost-effectiveness of both the UBT and the mFAT was highly robust to uncertainty in the model parameters when used in the post-treatment testing, with the probabilities of cost-effectiveness being 1.00 for both tests compared with no post-treatment testing at a base-case willingness-to-pay threshold of US$50,000/ QALY gained for the ICER. The results of the probabilistic sensitivity analysis for the comparison between the UBT and the mFAT (after adjusting for adherence) are illustrated as a scatterplot in Figure 4 . The UBT was cost-effective or cost saving in all scenarios evaluated in the probabilistic sensitivity analysis, as seen from the presence of all points in the scatterplot being in the first quadrant below the threshold (not shown due to limitations in figure size) or in the fourth quadrant.
Discussion
The current ACG practice guidelines assert that universal post-treatment testing for confirming eradication of H. pylori infection following first-line triple therapy is not cost-effec tive, but they do not provide any economic data to support this conclusion. 1 This study evaluated the costeffectiveness of universal post-treatment testing using two noninvasive tests (the UBT and the mFAT). Both noninvasive tests are recommended in the AGA guidelines for posttreatment confirmation of eradication of H. pylori infection in specific types of patients. H. pylori infection is a common chronic infection with a seroprevalence of 27% in the US. 38 This disease can lead to more severe long-and short-term consequences (eg, gastric cancer and peptic ulcer disease) if it is not eradicated. Testing to confirm eradication after a course of antimicrobial treatment is critical for the following reasons: 1) the recurrence rate of H. pylori infection after successful eradication is a low 2.5%/year in the US; 39 and 2) treatment failure rates have been found to be high due to increasing antibiotic resistance. 40 Specifically, a global review of clinical trial data showed that only 18% of trials demonstrated eradication rates .85% for first-line triple therapy, and ~60% of trials had eradication rates ,80% by intent-to-treat analyses. 40 Failure rates are likely to be even higher outside the clinical trial setting due to poor patient adherence to the treatment regimen.
This cost-effectiveness analysis incorporated the downstream costs of continuing H. pylori infection (both Models 1 and 2), as well as patient adherence to the two noninvasive tests (Model 2 only). Using LTCs that consider the increased In this study, the results from Model 1 demonstrated that universal post-treatment testing of eradication of H. pylori infection following first-line therapy was cost-effective compared with no post-treatment testing, whereas the results from Model 2 showed that post-treatment testing with the UBT following first-line therapy was cost-effective compared with the mFAT after adjusting for patient adherence to testing. Universal post-treatment testing was found to be costeffective, at a modest increase in costs compared with the ICER threshold. Furthermore, the UBT yielded substantially better outcomes at a modest increase in costs compared with the mFAT, after adjusting for patient adherence to testing.
The results of this cost-effectiveness analysis need to be interpreted cautiously due to the assumptions underlying the model structure, as well as the input parameters to the models. The primary limitation originates from the assumptions made for parameters for which data were not available in the literature or for which only limited data were available. Although these assumptions were confirmed as being realistic by a clinical consultant, as well as being tested and found to be robust in sensitivity analyses, it would be prudent to update the parameter estimates as additional information becomes available in the literature. Specifically, although patient adherence to testing was the key driver of the costeffectiveness of the UBT, compared with the mFAT, limited adherence data are available in the literature. This was not, however, an issue in the evaluation of the cost-effectiveness of universal post-treatment testing vs no testing because adherence data were not included in Model 1.
Conclusion
Universal post-treatment testing using the UBT and the mFAT following first-line therapy was found to be costeffective in confirming eradication of H. pylori infection compared with no post-treatment testing. Moreover, the UBT was a cost-effective option in this setting compared with the mFAT after adjusting for patient adherence to testing. When both models were considered together, the UBT was shown to improve health outcomes at a modest increase in total costs, compared with no testing or testing with the mFAT. Notably, the higher test cost of the UBT within the range of current reimbursement schemes was not a factor that affected the outcome of this cost-effectiveness analysis.
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